Toluene-degrading bacteria were isolated from the trickle bed air biofilter (TBAB), which had eliminated toluene efficiently for three months. Among the isolates, Acinetobacter genospecies Tol 5 demonstrated the highest efficiency in toluene removal. A. genospecies Tol 5 tended to adhere to hydrophobic materials showing water-repellent. When the bacterium was grown on toluene in the presence of polyurethane foam, almost all the cells adhered to the polymer support until the amount of 0.12 kg-cell/kgpolyurethane. Analyses of cell surface hydrophobicity by the microbial-adhesion-to-hydrocarbons test and contact angle measurements revealed that A. genospecies Tol 5 has a noteworthily hydrophobic cell surface compared with Escherichia coli. A TBAB inoculated with A. genospecies Tol 5 showed a sufficiently high ability in toluene elimination within 24 h after starting the operation without preliminary operation for immobilization, suggesting that this strain was effective to shorten the adaptation period, which had been considerably long on the TBAB inoculated with the original activated sludge.
Introduction
Regulatory requirements against emissions of volatile organic carbons (VOC), which are included in petroleum and used for a variety of applications, have been getting stringent more and more because of their potential to damage ecological system. This has generated a new demand for cost-effective technologies to control their emissions. The biofiltration process utilizes a microbial film fixed on support media in a single process reactor where the contaminants are absorbed from the off-gas and converted to benign end products such as water and carbon dioxide (Sorial et al., 1997) . Due to lower operating costs, biofiltration can provide significant economic advantages over other air pollutant control technologies (Leson and Winer, 1991) .
In a trickle bed air biofilter (TBAB), which is one of the biofiltration processes, inert synthetic support media are used for the filter bed (Sorial et al., 1997) . A TBAB requires an inoculation with an appropriate microbial culture. Although activated sludge can be used as such a source, it does not have sufficient capability for elimination of VOC at the beginning of operation. Therefore, a long adaptation period (2-4 weeks) is required for acclimation of bacteria (Kirchner et al., 1987 (Kirchner et al., , 1989 . Addition of a specific bacterial degrader to the filter can shorten the adaptation period at the starting up or restart of the process (Leson and Winer, 1991) .
In order to apply specific bacteria to a TBAB, not only degradation ability but also easiness of their handling should be considered. For example, adhesion property of bacteria to the support packed in a reactor affects operability of treatment-facilities.
In this study, toluene-degrading bacteria were isolated from the TBAB which had been used for continuous treatment of off-gas containing toluene. Their abilities of toluene degradation and adhesion to the polyurethane support were analyzed. Furthermore, the effectiveness of inoculation of the toluene-degrading bacterium for shortening the adaptation period was examined.
Experimental

Bacterial source
The TBAB used for the isolation of bacteria is depicted in Fig. 1 . The reactor was a packed column type (68 mm in inner diameter and 1200 mm in length), which equipped with a water sprinkler and a water cir-culation line with a reservoir tank (6.00 × 10 -3 m 3 ), the bed volume being 1.63 × 10 -3 m 3 . The packed bed space was kept at 28°C using a water jacket. Medium (urea, 150 mg; NaH 2 PO 4 •2H 2 O, 10.8 mg; FeSO 4 •7H 2 O, 2.0 mg; tap water, 1.00 × 10 -3 m 3 ) in the reservoir was sprinkled (flow rate: 9.6 × 10 -3 m 3 /h) to provide bacteria with water and nutrients. Model off-gas was prepared by dilution of toluene vapor, which had been purged from the liquid reagent by nitrogen gas, with air supplied from a compressor so as to be 1.00 × 10 -4 m 3 -toluene gas/m 3 -total gas. Mass flow controllers (MFC) were used to get the precise concentration of toluene in the model off-gas.
The circulating medium in the reservoir tank was inoculated with activated sludge as a microbial source so as to be 0.60 kg-cell/m 3 -packing space. Thereafter, preliminary operation of the reactor was conducted with the circulation of the medium for 7 d to get growth and immobilization of the cells, followed by the toluene-removal test shown in Fig. 2 which shows performance for toluene elimination by the reactor for fourmonth operation. Removal ratio was calculated from the ratio of toluene concentration in the effluent to that in the influent.
Isolation, identification and cultivation of bacteria
After three-month operation of the TBAB, sludge adhering to the support of the packed bed was suspended in physiological saline. The bacterial stains isolated were grown on 2.0 × 10 -5 -m 3 BS in 1.25 × 10 -4 -m 3 vials. Each vial was added by 1.0 × 10 -8 m 3 of toluene and sealed with a butyl rubber stopper and an aluminum cap. The vials were shaken at 70 rpm and kept at 28°C.
Degradation experiment
In order to obtain kinetic data, the following toluene degradation experiments were conducted. The bacteria were grown on 2.0 × 10 -5 -m 3 BS and 1.0 × 10 -8 -m 3 toluene until stationary phase of the growth, harvested by centrifugation, and washed with BS. The cells harvested were resuspended in 2.0 × 10 -5 m 3 of BS deprived of nitrogen source. Toluene was added to the . The vials were shaken at 70 rpm and kept at 28°C. The concentration of toluene was monitored by periodical sampling of gas from headspace.
Analytical method
The concentration of toluene was measured by using a gas chromatograph (GC) equipped with a flame ionization detector (FID; GC-17A, Shimadzu, Kyoto, Japan). The column used was ULBON HR-1 (I.D., 0.25 mm; length, 50 m; thickness of film, 0.25 µm). Gas sample was taken from headspace by using a gas tight syringe, followed by being injected into GC. In order to determine total amount of toluene in a vial and the liquid concentration of toluene, it was assumed that Henry's law was held in the experimental conditions. Total amount of toluene in a vial was deduced from a calibration curve of the headspace concentration of toluene vs. amount of toluene initially added. Henry's constant for toluene in BS at 28°C was determined from the headspace concentrations analyzed and the liquid concentrations calculated from the amounts of toluene initially and the headspace concentrations.
Biomass was analyzed by weighing dried cells. After cultivation, cells were harvested by centrifugation, washed with phosphate buffered saline (PBS) and lyophilized to get the dry cells.
The number of toluene-degrading bacteria was analyzed by counting colony-forming-unit (CFU) on a BS agar plate in a desiccator supplied with toluene vapor.
Adherence test of bacterial cells to a support material
The support used was a rectangular piece of polyurethane foam (12.5 mm × 12.5 mm × 10 mm), the specific surface area and density being 1.2 × 10 3 m 2 / m 3 and 115 kg/m 3 , respectively. The support was added to 1.00 × 10 -4 m 3 of BS in a 5.00 × 10 -4 -m 3 Erlenmeyer flask. A bacterium was inoculated followed by addition of toluene. The amount of the support added to the medium was changed so that the ratio of total dry cell weight to the weight of the support would be varied after growth. The flask was capped with a rubber stopper and shaken at 120 rpm. After cultivation at 28°C, dry weights of cells adhering to the support and of cells in suspension were measured.
Measurement of cell surface hydrophobicity
Cell surface hydrophobicity was analyzed by contact angle measurements and microbial-adhesion-tohydrocarbons (MATH) test. For measurements of a contact angle, bacterial strains were grown on BS with toluene or Luria-Bertani (LB) medium, harvested by centrifugation, and resuspended in PBS. Thereafter, the cell suspensions were filtrated to get bacterial mats on polycarbonate filters (pore size, 0.2 µm; diameter, 47 mm). The bacterial mats were dried for two hours at room temperature. One drop of water was placed on the surface of the bacterial mat and its contact angle was measured (Kyowa Interface Science, Tokyo, Japan).
For MATH test, cells were harvested by centrifugation (4000 rpm, 10 min), washed with sterile water and resuspended in BS. Optical density (OD 660 ) of the cell suspension was measured. 2.00 × 10 -7 m 3 of hexadecane was added to 1.0 × 10 -6 m 3 of the cell suspension. After vigorous shaking by vortex for 0.25 min, OD 660 of the aqueous layer was measured. The reduced percentage of OD 660 was referred to cell surface hydrophobicity.
Operation of a TBAB
The support attached by the isolated bacterium (Acinetobacter genospecies Tol 5, see Results and Discussion) was packed into the column. Initially, concentration of the cells was 2.3 kg-cell/m 3 -packing space. The model off-gas was fed to the column at 0.174 m 3 /h, and residence time of gas in the packed column was 0.57 min. The bacterium grew well (++), grew (+), grew slowly (±), or could not grow (-)
Results and Discussion
Isolation, identification and characterization of toluene-degrading bacteria
Bacteria of high ability for toluene elimination were screened from the column of the TBAB, the performance of which was shown in Fig. 2 where the inoculum was activated sludge from an industrial waste water treatment plant. The number of toluene-degrading bacteria was 5.6 × 10 14 CFU/m 3 -column volume. From them, five major strains were picked up, purified and identified. As a result, one of them, strain Tol 5 was a gram-negative bacillus and identified as Acinetobacter genospecies by using Micro Station System. The result of partial sequencing of 16S rRNA also showed 96.4% similarity with Acinetobacter sp. DSM 590. The other four strains were gram-positive bacilli in the shape of short rod and identified as belonging to a genus Rhodococcus by Micro Station System and 16S rRNA partial sequences.
The isolates were grown on BS with toluene (1.0 × 10 -2 m 3 -toluene/m 3 -headspace), and toluene degradation was examined among the isolates. A. genospecies Tol 5 exhausted toluene in headspace within 2 d, while it took more than 3 d by the other four strains of Rhodococcus.
The substrate range to be utilized as the sole carbon source was examined for A. genospecies Tol 5, Rhodococcus sp. Tol 1 and Rhodococcus sp. Tol 3. As shown in Table 1 , A. genospecies Tol 5 and Rhodococcus sp. Tol 3 utilized not only toluene but also other aromatics such as benzene and xylene. Therefore, these bacterial strains can be widely applied to elimination processes of benzene, toluene and xylene (BTX), which are typical components of petroleum. A. genospecies Tol 5 also grew well on ethanol, which is an inexpensive and easy-handling carbon source as a substrate for large culture of the strain.
Kinetics of growth and toluene degradation of
A. genospecies Tol 5 Figure 3 shows toluene degradation and growth curve of A. genospecies Tol 5 grown on toluene as the sole carbon source. Toluene added to the vial (8.67 mg in 1.25 × 10 -4 m 3 of the vial) was completely degraded within 37 h. The maximum specific growth rate (µ max ), doubling time (t d ) and growth yield (Y X/S ) were calculated to be 0.22 h -1 , 3.2 h and 0.37 kg-cell/kg-toluene, respectively.
In order to obtain kinetic data, toluene degradation experiments were conducted using resting cells of A. genospecies Tol 5. The cells harvested from the preculture and toluene were added to BS deprived of nitrogen source in vials so as to analyze initial degradation rates independently of cell growth. Henry's constant for toluene in BS at 28°C was experimentally determined to be 7.8 × 10 2 Pa·m 3 /mol, showing the same value in pure water at 30°C reported in a literature (Peng and Wan, 1997) . The value was used to deduce the concentration of toluene in the medium. Figure 4 gives the relationship between the concentration of toluene in the medium and the rate of toluene removal (a), and its double-reciprocal plot (b). In Fig. 4 , substrate inhibition is recognized over 0.025 kg/m 3 of toluene in the medium. The maximum toluene removal rate by the bacterium, V max , is determined to be 6.5 gtoluene/(kg-cell·min) from Fig. 4(a) , even though, without the substrate inhibition, V max would be deduced to be 12 g-toluene/(kg-cell·min) from an approximated line for the experimental data set except for deviating data from the line in Fig. 4(b) . The saturation constant of toluene, K s , was determined to be 0.017 kg/m 3 from the approximated line. Similar experiments were also conducted using the original sludge from which A. genospecies Tol 5 had been isolated. As a result, the maximum toluene removal rate by the original sludge was 0.7 g-toluene/(kg-sludge·min), which was about one-tenth of that by A. genospecies Tol 5. This result suggests that A. genospecies Tol 5 dominantly contributed to the toluene elimination in the TBAB.
Adhesion ability of A. genospecies Tol 5 to the solid surface
The cell of A. genospecies Tol 5 tended to adhere to glassware or polyurethane foam. Then, adhesion of the bacterium to polyurethane foam was examined. A. genospecies Tol 5 was grown on BS with toluene in the presence of polyurethane foam using a 5.00 × 10 -4 -m 3 Erlenmeyer flask. After reaching the stationary phase of growth, the amount of cells adhering to the polyurethane foam was weighed together with that of cells in suspension. As shown in Fig. 5 , almost all cells adhered to the polyurethane foam up to 0.12 kg-cell/ kg-polyurethane. The maximum adherent amount was about 0.14 kg-cell/kg-polyurethane. On the other hand, the other isolated strains hardly adhered to the polyurethane foam (data not shown). The high ability of A. genospecies Tol 5 in adhesion to the support material is advantageous for its high concentration culture in a TBAB by withstanding against washout.
Cell surface hydrophobicity
Immobilized cells of A. genospecies Tol 5 had a characteristic of water-repellent, suggesting a highly hydrophobic cell surface. Therefore, cell surface hydrophobicity of the strain was analyzed by measuring a contact angle and MATH test. As Table 2 shows, A. genospecies Tol 5 exhibited the quite high value in MATH test compared with the other isolates or E. coli.
The contact angle against a water-droplet (θ w ) of A. genospecies Tol 5 was also the highest value among those of bacterial strains analyzed. There was a classification that strains with θ w values of <30 to 35° are considered hydrophilic and those with θ w values of >70° are considered hydrophobic (Bastiaens et al., 2000) . Therefore, A. genospecies Tol 5 and Rhodococcus sp. Tol 3 are classified into hydrophobic strains.
The extremely hydrophobic cell surface of A. genospecies Tol 5 might have taken an important role in uptake of hydrophobic substrates like toluene and adhering to hydrophobic support like polyurethane.
Effectiveness of inoculation of A. genospecies
Tol 5 on operation of a TBAB Although, as mentioned above, the TBAB inoculated with activated sludge demonstrated the excellent performance for toluene elimination, it took about 20 d for the elimination to reach a sufficient level, showing an adaptation period. As Fig. 2 shows, the elimination rate and removal ratio markedly increased from 12 d to 19 d of the operation. In order to examine the effectiveness of inoculation of A. genospecies Tol 5 for shortening of the adaptation period, initial performance of the TBAB inoculated with A. genospecies Tol 5 for toluene elimination was examined. As shows, the removal ratio increased to reach near 80% within 24 h after starting the operation. The toluene elimination rate reached 1 kg/(m 3 ·d) soon. This suggests that by using A. genospecies Tol 5, a TBAB can be adapted in a short period to attain a desirable level of toluene elimination. This effectiveness is supposed to have been brought by not only toluene degradation ability but also adhesion ability of A. genospecies Tol 5. The strain had been immobilized onto the support by the way of batch cultivation in the presence of the support prior to the operation of the TBAB. Immobilized cells of the strain were not removed from the support by the sprinkle in the reactor during the operation. On the other hand, activated sludge was unable to be immobilized onto the support in a similar way. Therefore, activated sludge was resignedly added to the circulating medium. This way required the preliminary operation of the reactor for 7 d as mentioned in Experimental section. The timing of switching from the preliminary operation to the main operation for the toluene-elimination test was decided from the appearance of the support with adhered bacteria. Although the way of the preliminary operation such as its period or first inoculation volume should be considered so as to minimize the adaptation period in the case of the use of activated sludge, the important point to note is that A. genospecies Tol 5 can be immobilized on support at the outside of a TBAB, which can work soon after packing the support with adhered cells without preliminary operation.
Stability of toluene elimination ability in the use of A. genospecies Tol 5 should be considered in a further study. As demonstrated in the performance of the TBAB inoculated with activated sludge, mixed culture is generally considered to show stable ability for a long period owing to its flexibility against change of environmental conditions. Furthermore, during long-term operation of a TBAB in an open system, microbial species other than A. genospecies Tol 5 might grow and the population of A. genospecies Tol 5 might decrease even though A. genospecies Tol 5 is used as a pure inoculum. In order to propose an effective way for the use of A. genospecies Tol 5, the relationship between microbial flora including A. genospecies Tol 5 and toluene elimination ability during the long-term operation of the TBAB will be researched in our further study.
Conclusions
A toluene-degrading bacteria, A. genospecies Tol 5, was isolated together with other four bacterial strains from the TBAB, which had been inoculated with activated sludge and demonstrating excellent performance for toluene elimination. A. genospecies Tol 5 showed the highest toluene degradation ability among the isolated strains. The maximum toluene degradation rate by resting cells of the strain was 6.5 g-toluene/(kgcell·min), which was near ten-fold of that the original sludge from which the degrader had been isolated. A. genospecies Tol 5 was considered to contribute dominantly to toluene elimination in the TBAB inoculated with activated sludge.
A. genospecies Tol 5 had high adhesion ability to polyurethane foam and its cell surface showed considerable high hydrophobicity compared with other bacterial strains. These unique characteristics can take an important role for cell immobilization to hydrophobic materials and for efficient uptake of hydrophobic substrates like toluene. The high adhesion ability enabled immobilization of its cells onto the support at the outside of the TBAB to dispense with preliminary operation. A. genospecies Tol 5 was effective to shorten the adaptation time, which had been considerably long on the TBAB inoculated with the original activated sludge. Within 24 hours after the start of operation of the TBAB packed with the support with immobilized cells of A. genospecies Tol 5, the toluene-removal ratio reached near 80% and the elimination rate of 1 kg/ (m 3 ·d) was achieved. Although stability of toluene elimination ability should be considered in a further study, comprehensively, A. genospecies Tol 5 can be applied to a TBAB for efficient elimination of VOC as a bacterial inoculum. 
